In a coastal area of southern Chile (41 S), the major ammonium assimilating enzyme glutamine synthetase (GS) was detected in a green dinoflagellate bloom during April 2003. High chlorophyll a concentrations (1000 mg L À1 ) attributable to Gymnodinium cf. chlorophorum in surface waters were associated with high and very low nitrate reductase activities. Coincident with the bloom, dissolved inorganic nitrogen concentrations were near the detection limit (NO 3 À + NH 4 + <0.5 mM). Since GS correlates with the use of ammonium as an external nitrogen source, we suggest that GS activity seems to be a good indicator of ammonium utilization in a period dominated by a single dinoflagellate species.
In a coastal area of southern Chile (41 S), the major ammonium assimilating enzyme glutamine synthetase (GS) was detected in a green dinoflagellate bloom during April 2003. High chlorophyll a concentrations (1000 mg L À1 ) attributable to Gymnodinium cf. chlorophorum in surface waters were associated with high and very low nitrate reductase activities. Coincident with the bloom, dissolved inorganic nitrogen concentrations were near the detection limit (NO 3 À + NH 4 + <0.5 mM). Since GS correlates with the use of ammonium as an external nitrogen source, we suggest that GS activity seems to be a good indicator of ammonium utilization in a period dominated by a single dinoflagellate species.
I N T R O D U C T I O N
Southern Chile (41-55 S) is a rugged coastline, which includes a variety of environments such as embayments, fjords, channels and estuaries. This region has been the site for an expanding activity in aquaculture (mainly salmon cage farming industry), accounting for 90% of the national aquaculture activity. Climate-oceanographic forcing and aquaculture activities may impose external influence on phytoplankton dynamics. Since coastal waters of southern Chile (41-55 S) are transition zones of high biological productivity and the most influenced by human activities (agricultural and aquacultural activities), they may play an important role for the global carbon fluxes and nutrient cycles. In temperate coastal waters, the balance of light and nutrients is thought to play a large role in biomass : nutrient ratios (Esteves and Varela, 1991) . Biochemical adaptations can also become important in influencing algal growth rates, biomass, species composition and diversity of microplankton.
Although there is a great deal of information available about the enzymatic activity of phytoplankton species under controlled conditions, studies on enzymatic activity of phytoplankton assemblages in situ are scarce. Enzymes, such as nitrate reductase (NR) and glutamine synthetase (GS) are involved with the use of NO 3 À or NH 4 + as external sources, respectively (Eppley et al., 1969; Harrison, 1973; Collos and Slawyk, 1976; Falkowski, 1983; Blasco et al., 1984; Bressler and Ahmed, 1984; Thomas et al., 1984; Berges, 1997; Lomas and Glibert, 2000; Lomas, 2004) . The relationships between NR, GS and environmental variables have been investigated by several groups (Harrison, 1973; Collos and Lewin, 1974; Collos and Slawyk, 1977; Blasco and Conway, 1982; Timmermans et al., 1994; Slawyk et al., 1997; Flynn and Hipkin, 1999) . NR and GS activities must be carefully interpreted keeping in mind that NR/GS catalyses is controlled by different metabolic pathways and environmental factors, and also because in vitro activity assays need not necessarily reflect in vivo rates. In this study, we assume that GS activity is involved in the assimilation of inorganic nitrogen (nitrate and ammonium) as well as organic nitrogen (urea), and NR activity reflects only growth on nitrate (Syrett, 1981) .
Since NR is induced by nitrate and repressed during ammonium assimilation (Eppley et al., 1969; Harrison, 1973; Slawyk et al., 1997) , it would be expected that NR and GS assays might be a valuable biochemical tool for indicating the nitrogen source for phytoplankton. Given the potential importance of GS (Andersen, 1999) and NR (Berges, 1997) as descriptors of internal metabolic nitrogen pathways, we examined the temporal distribution of NR and GS activities during a green dinoflagellate, Gymnodinium cf. chlorophorum, bloom. We focused our efforts on investigating the relationships of GS and NR levels with chlorophyll a (Chl a) and environmental inorganic nutrients at a fixed station occupied in a temperate coastal area off Puerto Montt, Chile (41 S).
M E T H O D Study area
Puerto Montt Bay is located on southeastern Pacific Ocean, of austral Chile (41 S). The shallow area (40-m depth) receives freshwater from precipitation and rivers fluxes during winter (May to August) and early spring (September to October) months (Dávila et al., 2002) . The amplitude of semidiurnal tides ranges between 1.5 and 8.0 m (Strub et al., 1998) . The winds are relatively strong during all year (northerly during winter and southerly in spring) producing a well-mixed water column. Lower solar radiation and air temperature are found during winter (May to August), both variables increase in late spring and summer (November to February). We were able to measure several biological and environmental variables during a green water discoloration at a fixed nearshore station located off Puerto Montt area during March to April 2003. Surface samples were collected by a Niskin oceanographic bottle (2.5 L). NR and GS activities were obtained from samples (2-3 L of seawater) passed through a 210-mm mesh and collected on 47-mm glass fiber GF/F precombusted filters (Whatman), which were stored in liquid nitrogen for subsequent enzymatic analysis. This study will use the term 'microplankton' to mean plankton organisms of <210 mm ESD, for operational purposes. We measured NR and GS activities in an in vitro assay, and the activity was measured in saturated substrates, which results in an activity measured as a V max (Berges, 1997) .
Determination of NR activity
The activity of this enzymatic complex was estimated through a combination of the methodologies proposed by Eppley et al. (Eppley et al. 1969) , Packard et al. (Packard et al. 1978) , Timmermans et al. (Timmermans et al. 1994) and Berges and Harrison (Berges and Harrison, 1995) .
The extraction medium consisted of phosphate buffer (200 mM, pH 7.9), dithiothreitol (DTT, 1 mM) and polyvinyl pyrrolidone (PVP, 0.3% wt/vol). Microplankton cells and filter were homogenized in 3 mL of extraction buffer using a Ultra Turrax homogenizer. The homogenate was centrifuged at 5500 g at 4 C for 10 min, and the supernatant was used immediately for enzyme assays. Enzymatic assays began with the addition of KNO 3 (10 mM) to the supernatant and were performed in 1-cm pathlength disposable plastic cuvettes in a water-bath at 20 C and at subdued light conditions. The reaction was stopped after 30 min by addition of zinc acetate (550 mM; 18 mM final concentration). The homogenate was clarified by centrifugation (15 min at 4000 r.p.m). Excess of NADH [nicotinamide adenine dinucleotide (reduced)] was oxidized by adding phenazine methosulphate (125 mM, PMS), and the nitrite produced was measured with sulfanilamide and N-(1-napthyl)-ethylenediamine 2 HCl solutions. The supernatant was analysed with a spectrophotometer at a wavelength of 543 nm. Enzyme activity was standardized to nmol nitrite formed L À1 h
À1
.
Determination of GS activity
The enzymatic activity was determined by using the methodology proposed by Slawyk and Rodier (Slawyk and Rodier, 1988) . The filters were suspended in 3 mL of cold imidazole buffer (50 mM, pH 7.0) containing dithiothreitol (0.6 mM). Microplankton cells and filter were homogenized in 3 mL of extraction buffer using a Ultra Turrax homogenizer for 30 s at 4000 r.p.m. The homogenate was centrifuged at 5500 g at 4 C for 10 min; the supernatant (1 mL) was used immediately for enzyme assays and added to a reaction mixture consisting in: glutamate (31 mM), ATP (6 mM), hydroxylamine (8 mM) and MgSO 4 (80 mM). After 30 min of incubation on a water-bath at 30 C, and under subdued light condition, the concentration of g-glutamyl hydroxamate (g-GH) formed in the reaction was determined through a spectrophotometer (Perkin Elmer, model Lambda 11) at a wavelength of 540 nm. The reaction was stopped by adding a solution (500 mL) containing 3.2 g of FeCl 3 Á6H 2 0 and 4.0 g trichloroacetic acid (TCA) in 100 mL of 0.5 N HCl. Enzyme activity was standardized to nmol g-GH formed L À1 .h À1 and calibrated against a g-GH standard.
Chlorophyll
Chl a measurements were made using the fluorometric method (Parsons et al., 1984) simultaneously with enzymatic activities experiments. Seawater samples (200 mL) were filtered through GF/F Whatman fiber glass filters and then stored at À18 C. Chl a pigment were extracted overnight with 90% acetone and measured in a digital Turner Design (Model PS-700) fluorometer. Total Chl a concentration (mg L
À1
) was estimated according to the equation recommended by (Parsons et al., 1984) .
Environmental variables
Profiles of temperature ( C), salinity and oxygen (mg L À1 ) were obtained during the bloom using a CTD profiler. Water (1 L) for inorganic nutrients (NO 3 À , NH 4 + , PO 4 3À ) were stored frozen until analysed in the laboratory within one week (Parsons et al., 1984) . A statistical test of nonparametric correlation (Zar, 1984) was performed in order to detect tendencies and relationships among continuous variables (enzymatic activities, biomass and nutrients).
R E S U L T S
During March to April 2003, a green water discoloration observed along the southern Chile coast (Inner Chiloé Sea: 41-42 S) was caused by a small dinoflagellate G. cf. chlorophorum (Elbrachter and Schnepf, 1996) . Satellite sensing of Chl a between 41 and 43 S (Puerto Montt and Chiloé Inner Sea) indicated that concentrations were highest during the first 2 weeks of April 2003 (Fig. 1) . During the bloom, the water column was stratified, and most of the dinoflagellate biomass was at the surface as evidenced by the depth of surface light penetration (0.5-1.0 m), indicating a positive phototatic behavior of the bloom organisms. A small, athecate green and nontoxic dinoflagellate, G. cf. chlorophorum, was identified, as the dominant organism blooming between the end of March to middle of April 2003. The range of Chl a observed reflects the typical bloom cycle in which phytoplankton blooms develop (up to 1000 mg L
À1
, and up to 13.000 cells mL
) and decline (7.0 mg L
, and <200 cells mL À1 ) over time scales of several days ($15 days) (Fig. 2a) . Blooms of similar magnitude have been reported from subtropical bays (300 mg L
, Marín et al., 1993; 500 mg L À1 , Subba Rao et al., 1999) . Other species of the complex Gymnodinium/Gyrodinium have been responsible for nontoxic green blooms in neritic zones of France and Spain ( Jiménez et al., 1992; Sournia et al., 1992) .
Our approach revealed an important finding with respect to enzymatic activity: the GS activity was associated with high autotrophic biomass and with low nitrate and ammonium concentrations. The average GS activity estimates on 9 and 18 April were higher (mean = 1230 nmol h À1 L À1 , SD = 872) than prior to (January to March: mean = 43 nmol h À1 L À1 , SD = 36) the bloom (Fig. 2b) . A major peak occurred on 9 April and dropped nearly two order of magnitude and remained low thereafter. On the contrary, NR activity was very low during the bloom period, where little NR activity (mean = 5.7 nmol h À1 L À1 , SD = 4.9) was detected during the dinoflagellate bloom compared with the time period before the bloom (mean = 134 nmol h À1 L À1 , SD = 74) (Fig. 2c) . The phytoplankton species composition was characterized by flagellates such as Dictyocha sp. and Prymnesiophyceae species and the chain-forming diatom Leptocylindrus sp., and they were major contributors to the phytoplankton abundance prior to the bloom.
During the period of high GS activity, the assemblage was dominated by G. cf. chlorophorum, which may indicate that it was the source of in situ GS activity in low inorganic nitrogen coastal waters off Puerto Montt.
The zero NR specific activity (Fig. 2f) during the bloom (7-11 April) would indicate that a source other than nitrate is being utilised as a primary nitrogen form. Thus, GS specific activity greater than zero (Fig. 2e) and the large contribution of G. cf. chlorophorum to the total Chl a gave evidence that the dinoflagellate species preferred reduced nitrogen forms (i.e. ammonium). In addition, inorganic dissolved nutrient concentrations of nitrate, ammonia and phosphate were near the detection limit prior to and during the bloom, with concentration <1, <0.5 and <0.5 mM, respectively (Fig. 2d) .
D I S C U S S I O N
The factors and dynamics generating the harmful algae blooms (HABs) in marine ecosystem still remains as an open question (Smayda, 2002) . Using a biochemical approach, we analysed the enzymatic activities of a dinoflagellate bloom in low inorganic nutrients waters located in southern Chile. Biochemical adaptations of bloom-forming species are crucial in the modulation of autotrophic biomasss and primary productivity, especially in highly climatic-oceanographic fluctuating coastal environments. An important result of our study is that GS activity (absolute values) was associated with high autotrophic biomass (up to 1000 mg L À1 ) and with low external nitrate and ammonium concentrations. Fan et al. (Fan et al., 2003) indicated that the dinoflagellate bloom-forming species, Prorocentrum minimum, correlates with low NO 3 À and high NH 4 + or urea concentrations. Our finding could have ecological implications for the dinoflagellate bloom in southern Chile. GS activity correlates with the use of ammonium as an external nitrogen source and is an important enzyme that converts glutamate and ammonium into amino acids in marine algae (Syrett, 1981) . Thus, the observed pattern of increasing phytoplankton biomass and GS activity levels associated with a dinoflagellate bloom (r 2 = 0.57, P < 0.05; Fig. 3a ) may imply that GS is an indicator of dissolved ammonium utilization. There is strong experimental evidence indicating that G-S activity is higher where the ammonium concentration is low (Falkowski and Rivkin, 1976) , as well as the fact that the GS activity in several marine phytoplankton species exhibited a high affinity for ammonium levels (Bressler and Ahmed, 1984) . We suggest that phytoplankton single species are able to efficiently utilize low NH 4 + levels mediated by GS reaction in coastal waters of limited nitrogen sources.
The differences in NR and GS activities observed during the G. cf. chlorophorum bloom agreed with the view that eukaryotic picoplankton and dinoflagellates have been associated with high and/or frequent addition of ammonium or dissolved organic nitrogen (i.e. urea) (Wilkerson and Grunseich, 1990; Glibert and Terlizzi, 1999; Kudela and Cochlan, 2000; Berg et al., 2002; Dyhrman and Anderson, 2003; Fan et al., 2003; Lomas, 2004) . There is some experimental evidence that N-deficient algal cells (low ambient nitrogen concentrations) have higher GS activity than those grown on high levels of external nitrate (Chaetoceros affinis; Slawyk and Rodier, 1986, Phaeodactylum tricornutum; Slawyk and Rodier, 1988) . However, little is known about the expression of different enzymatic activities and related ecophysiological responses of the bloomforming algal species under different sources of nitrogen (NO 3 À , NH 4 + and urea). In field conditions, Harrison (Harrison, 1973) found that NR activity was associated with algal biomass and low nitrate concentrations in typically nitrate-rich waters during a Peridinium triquetrum bloom. Dyhrman and Anderson (Dyhrman and Anderson, 2003) , found a weak inverse relationship between urease activity and dissolved inorganic nitrogen concentration in field population of the toxic dinoflagellate Alexandrium fundyense in Gulf of Maine. In our study, an inverse relationship was found between NR and GS (log-log scale; r 2 = À0.57, P > 0.05; Fig. 3b ) during the dinoflagellate bloom. A possible explanation for this inverse relationship during the bloom is an apparently inhibitory effect of ammonium (internal/external) on NR activity in phytoplankton (Berges, 1997) . Both, experimental and field studies, demonstrate that the relative contribution of the fluxes of dissolved organic nitrogen and dissolved inorganic nitrogen may significantly alter community properties as species composition and biomass, as well as biochemical pathways of phytoplankton.
The specific GS activity (the ratio of GS activity to Chl a) decreased (near zero specific activities, Fig. 2e ) during the main bloom peak (7-11 April); the low specific GS activities obtained at maximum Chl a biomass may represent a metabolic adaptation for growing in nitrogen poor-waters. The same tendency have been observed in the bloom-forming species Prochlorococcus sp. growing in oligotrophic regions (El Alaqui et al., 2001) ; they suggested that it could represent a selective advantage to avoid the expensive production of GS proteins in coastal waters where there is no nitrogen to assimilate. The data on inorganic dissolved nutrients concentrations in Puerto Montt Bay revealed waters of low nitrate (<1 mM) and ammonium (<0.5 mM) during summer-autumm months (January to April) and increasing during the winter and spring seasons. It is suggested that G. cf. chlorophorum has greater affinity for ammonia and/or urea than nitrate in an environment where nitrogen supply is scarce, and given its high surface : volume (cell size $15 mm length) a competitive advantage is expected. In order to asses whether the ambient nitrogen availability can account for the biomass accumulation observed at day 7 April ($1000 mg L -1 ), we applied a simple stoichiometry, using a carbon : chlorophyll ratio equal to 43 (estimated for the study area) and the classical Redfield C:N ratio of 106:16 (Redfield et al., 1963) . The estimated phytoplankton nitrogen biomass at 7 April was 543 mmol N L
À1
. During the pre-bloom interval (11 February to 25 March), ambient NO 3 À and NH 4 + concentration ranged between 0.5 and 1.8 mM. If we consider that the GS activity at the bloom was 1600 nmol g-GH h À1 L À1 (one unit of activity is the amount of enzyme that transforms 1 nmol of substrate h À1 ), the estimate time integrated (13 days = 312 hour) nitrogen accumulation was $500 mmol N L À1 , explaining 90% of the phytoplankton nitrogen use during the bloom period. Although in this calculation we have neglected other factor such as growth and loss rates before and during the bloom, inputs of organic nitrogen (urea), recycling of ammonia (via zooplankton and fish excretion) and nitrogen uptake, it agrees well with the observations carried out in the field at that time.
The available data on inorganic nutrients in the study area revealed waters of low [NO 3 À + NH 4 + ] : PO 4 3À ratio of 7.0, suggesting that phytoplankton assemblages will deplete nitrogen from the water column before orthophosphate. Therefore, nitrogen physiology may be important to the dynamics of harmful algal blooms in southern coastal waters of Chile. The low concentration of nitrate and ammonium through the water column may be explained by phytoplankton uptake and/or by mixing of low nutrient contents freshwater input (from rivers and precipitation) as has been documented in the shelf margin of southern Chile (Silva et al., 1997) .
Although this work focused in biochemical properties of a dinoflagellate bloom, we do not intended to deemphasize of large scale climate and oceanographic forces that may indeed impose external influence on harmful algae bloom dynamics (initiation, maintenance and decline) on southern Chile. Water temperature ranged from 14 to 16 C during the midsummer season and from 10 to 12 C in austral fall and early winter. Salinity ranged from 25 to 34 during austral summer and autumn ( January to April). With our limited data set we hypothesise an apparent relationship between appearance of G. cf. chlorophorum and decreased salinity (through freshwater runoff). There was a decrease in salinity (down to 25) prior to the bloom (11 February), which may suggest a time lag of 15 days for the bloom occurrence. This phenomenon has been documented for Gymnodinium in coastal waters of France (Sournia et al., 1992) . During the bloom of G. cf. chlorophorum, the water column (down to 35 m) showed strong stratification in temperature (9 and 16 April), salinity (9 April) and oxygen (9 April) (Fig. 4) . There was a major difference in dissolved oxygen profiles during (9 April) and following the main peak (16 April and 7 May), where oxygen concentrations through the water column were low (3-4 mg L À1 ) and uniform. This low oxygen regime is offered as an explanation for the large salmon-farming mortalities ($250 000 salmonids) during the G. cf. chlorophorum outburst.
We were unable to establish a relationship between oxygen concentration and GS activity due to the G. cf. chlorophorum metabolism. Other marine organisms in coastal areas show the existence of a large metabolic capacity ('metabolic plasticity') under environments of hypoxic conditions suggesting that organisms can control the anaerobic metabolic rate at a biochemical level (e.g. polychaete: González and Quiñ ones, 2000; sardine larvae: Overnell and Batty, 2000; zooplankton: González and Quiñ ones, 2002) . In our case, whether decrease in oxygen is a result of the species blooming metabolism or a consequence of bloom decomposition remains unclear.
In temperate coastal waters of southern Chile, the interplay of nutrient and light limitation variables influences the primary production as has been suggested for other southern coastal areas of Chile (41-53 S) (Saggiomo et al., 1994; Pizarro et al., 2000) . Phytoplankton assemblages in coastal waters of the Inner Sea of Chiloé may experience rapid changes in the type of limitation (light and nutrients) because of seasonal variability and different physical regimes (mixing and stability). Those factors contributing to the differential growth of phytoplankton species are important issues for aquaculture activities. Those activities, like routine fertilizer and feed additions on salmon-cage coastal sites, may also modulate the seasonal phytoplankton blooms as well as promoting the growth of harmful algal species. 
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